Introduction 49
The intraoral vertical ramus osteotomy (IVRO), sometimes described as a vertical subcondylar or 50 oblique osteotomy, is an orthognathic surgical technique for setting back the mandible [1, 2] . It is a 51 common orthognathic procedure [3] , along with sagittal split ramus osteotomy (SSRO), for prognathic 52 or asymmetrical mandible. Though IVRO is advantageous as compared with SSRO[4, 5] , certain factors 53 must be taken into consideration for clinical application such as the induction of bone healing and 54 remodeling [1, 6] .
55
Since IVRO induces the distal segment to move backward, it overlaps with the proximal segment and 56 becomes mobile to some extent without any intersegmental fixation. The bone healing commences in 57 direct contact, with some mobility of cortical bones between two segments. Several studies have been 58 conducted on the potential and outcomes of healing/remodeling, mainly based on histological 59 findings [6] [7] [8] , and on radiographic images [9] [10] [11] [12] [13] . However, these studies yielded limited insight into how 60 the preoperative (Pre) ramus can be healed and remodeled to reshape the final postoperative (Post) 61 one.
62
Over time, the remodeled Post ramus generally shows a different morphology from the original Pre superimposition of the three stages. The Imm osteotomy gap was completely fused by bony healing 75 and smoothened by remodeling on Post ramus. Post ramus also showed decreased ramal height and 76 width, a smaller angular region, and a more upright and shorter condyle than Pre or Imm ramus.
77
The dotted line on the 3D model of Imm ramus in Fig 
85
The primary purpose of this retrospective study was to investigate 3D morphological changes of 86 Imm ramus as characterized by segmental mobility, cortical overlap, discontinuity, and projection after 87 IVRO to stable Post ramus as seen in shape changes and smooth-surfaced continuity after one year.
88
We hypothesized that the Imm ramus would be transformed into Post ramus via dynamic remodeling 89 depending on elapsed time and mandibular function after surgery and also on the segmental 90 overlapping pattern of Imm ramus. We also wanted to confirm that a direct model comparison of the Belgium) ( superimposed Imm ramus (G). The Imm proximal segment is indicated by a yellow line with black arrowhead, and the Imm distal segment as a blue line with white arrowhead.
157
The separated Imm proximal and distal segments in (D) were also superimposed to Pre mandible (E)
158
to verify the reliability of superimposition method, as shown in (F, H, and I).
159
Note) proximal segment indicated by black arrowhead; distal segment by white arrowhead 160 161
The Imm mandible was segmented into proximal and distal segments at the IVRO osteotomy line Korea) ( Fig 2H) . The differences between Post and Imm rami were measured at four ramal regions:
170 the mandibular condyle ( Fig 2H-a) , sigmoid notch ( Fig 2H-b ), middle ramal region ( Fig 2H-c) , and angle 171 ( Fig 2H-d) .
172
The data for the morphological descriptions and the inter-surface measurement values were collected.
173
Descriptive statistics were computed for all study variables (R project, www.r-project.org). Fisher's exact 174 test was performed to find potential associations between predictor and outcome variables. In addition, 175 analysis of variance (ANOVA) was made to evaluate the relationship between age and predictor or 
186
The study consisted of 29 males and 26 females. Their ages at the time of surgery ranged between 187 17 and 41 years old (mean age 21.6 years old). Fisher's statistical analysis (for gender) and ANOVA
188
(for age) were performed to verify the associations between the gender or age and all the variables for 189 ramal remodeling. No significant correlation was found between them (p > 0.05; Tables 1 and 2) .
190
All subjects underwent mandibular setback (mean 6.7 mm, measured at the mandibular central incisal relation to the distal segment, classified as the 'Lateral' type ( Fig 1E) , was the most frequently observed 214 pattern (N=69/108, 63.9%).
215
The third variable was the functional range of mandibular movement ( 
Outcome variables 232
The first outcome variable pertained to the type and extent of surface remodeling from Imm to Post 233 ramus. These remodeling patterns were evaluated in four subdivisions of the ramus: the mandibular 234 angle, sigmoid notch, middle ramus, and condylar region (as indicated in Fig 2H) . Fisher's statistical 235 analysis was performed to confirm the association between the Imm segmental overlapping type (as a 236 second primary predictor variable) and the ramal remodeling pattern (as an outcome variable) (table 3-237 6). In addition, the possibility of inter-regional correlation between these four subdivision regions were 238 evaluated and rejected by the Chi-squared and Fisher's exact tests (p > 0.05; details not shown). Details
239
of remodeling in the four regions were as follows:
The most prominent bone resorption at the mandibular angle was found around the angular tip of the 241 proximal segment on the lateral surface and the proximal tip of the distal segment on the medial surface 242 ( Fig 3E, F , K, L; indicated by black arrows; Table 4 ). The major bone apposition, on the other hand,
243
was found at the angular tip of the distal segment on the lateral surface ( Fig 3E, F 
257
Again, the bony apposition is shown in blue and indicated by white arrows and the resorption in red and 258 indicated by black arrows.
259
Note 1) Color coding for E and F; orange and red for 1.5 to 2.5 mm and gray for more than 2.5 mm of 260 bone resorption; light and dark blue for -0.5 to -1.5 mm and in gray for more than -1.5 mm of bone 261 apposition.
262
Note 2) Color coding for K and L; in orange and red for 0.9 to 1.5 mm and in gray for more than 1.5mm 263 of bone resorption; in light and dark blue for -0.4 to -1.0 mm and in gray for more than -1.0 mm of bone 264 apposition. The middle ramal overlapping region between the proximal and distal segments also showed bony 288 apposition and resorption at the lateral and medial surfaces, resulting in complete cortical continuity for 289 all overlap types (Fig 3) . The finding of 'pronounced bony apposition/resorption' prevailed in 67 cases
290
(62.0%) on the lateral surface and 80 cases (74.1%) on the medial side ( Table 5 ). The remodeling 291 pattern in this region was significantly associated with the segmental overlapping type (Table 5 ; p < 292 0.001 for both lateral and medial regions). In addition, this remodeling was also significantly associated 293 with Post mandibular movement ranges of protusion and lateral exercusion (Table 3 ; p < 0.04 and 0.01 294 each).
295
The sigmoid notch of Post ramus simultaneously showed both 'moderate apposition and resorption' 296 of more than 1 mm in the majority of cases (88 cases, 81.5%), when compared with the Imm ramus 297 (Fig 4; details not shown) . The proximal segment near the osteotomy line mainly showed bone 298 apposition ( Fig 4B and D; indicated by black arrows), while the distal segment in the same region had 
306
The Imm proximal (ivory, indicated by black arrowhead) and distal segments (gray, indicated by white 307 arrowhead) were independently superimposed to Post ramus (light green) to reveal the Post remodeled 308 ramus. The distance between them showed the level of bony apposition (indicated by black arrows) 309 and resorption (indicated by white arrows).
The condylar head of Imm and Post period did not reveal the definitive morphological or size 
319
Note 2) proximal segment, indicated by black arrowhead; distal segment by white arrowhead; bone 320 apposition, indicated by black arrows; and bone resorption, indicated by white arrows; new bone, 321 marked by asterisk (*).
323
The condylar region showed fewer marked bony changes than did other regions (Table 4 and Fig 4) .
324 9 cases (8.3%) showed 'marked apposition' of more than 2 mm (Fig 4E-G) , and 39 cases (36.1%) had
325
'moderate apposition' between 1 and 2 mm (Fig 4H-J) . No notable finding of resorption was observed.
326
The second outcome variable consisted of morphological changes and new structure formation of 327 the ramus. These were evaluated by Fisher's statistical analysis to verify the association between the 328 Imm segmental overlapping type and the Post ramal morphological characteristics. Details were as 329 follows:
330
The sigmoid notch infrequently showed deformed patterns, including hole ( Fig 4A and B) , cleft, and 331 spicule, while most cases had a normal round shape (64 cases, 57.1%; Fig 4C and D) . Deformed 332 patterns comprised hole-shape in 13 cases (12.0%) and cleft-shaped notch in 26 cases (24.1%), as 333 shown in Table 6 .
334
The medial surface around the posterior border of Post ramus showed various shapes of new bone 335 formation ( Fig 5B, E , H, and K; indicated by black arrows). These were all so closely connected to the 336 muscle that they seemed to be working as attachments of the medial pterygoid muscle (indicated by 337 the dotted line in Fig 5C, F, I and L) . These structures, not observed in the Imm mandible ( Fig 5A, D, ridge, single spicule, multiple spicules and hole (Fig 5B, E, F , and K, respectively). 70 cases (64.8%) showed the ridge-shaped bony projection and 37 cases (34.3%) single spicule (Table 6) . Their 341 morphological types were statistically associated with the angular remodeling pattern (p < 0.046; details 342 not shown), but not with the overlap pattern (p > 0.05; details not shown). 
Validation of methods

354
The reliability of the superimposition process was confirmed in three ways by two authors at one-
355
week intervals. The first evaluation measured the mean distance in superimposed models between
356
Imm proximal/distal segments and their corresponding Pre mandible (as outlined in Fig 2C-F) , which 357 was 0.0442 ± 0.0453 mm of inter-surface distance (N=6; intra-class correlation coefficient (ICC)
358 between observers 0.990 and within observers 0.987 and 1.000 for observer 1 and 2). The second 359 evaluation was performed by measuring the surface distance between the same sets of three Imm 360 mandibles, which were superimposed independently to the same sets of Post mandibles (as shown in 361 Fig 2A-D) . Their mean distance was 0.0004 ± 0.0011 mm (ICC between observers 0.768 and within 362 observers 0.812 and 0.924 for observer 1 and 2). The third validation, made during the superimposition 363 procedures, verified coincidence of the cortical and marrow outline in the axial and coronal CT images 364 (as seen in Fig 2G and I) , though this was not quantitatively measured.
Discussion
367
The primary purpose of this retrospective study was to investigate 3D morphological changes of the 376 reported that monkeys after 12 weeks of IVRO presented a continuous cortical structure of ramus with 377 complete bony union and no evidence of medullary or cortical bone necrosis.
378
Ramal remodeling is another major concern after IVRO. 
387
In our study, the overlapping region between the proximal and distal segments showed extensive 388 bone formation and resorption on both the medial and lateral surfaces, contributing to the outcome of a 389 flat-surfaced ramus (Fig 1 and 3 and 
394
The range of mandibular movement, especially for protusion and lateral exercusion, was also confirmed as contributing factor to the formation of flat-surfaced Post ramus for the lateral overlapping 396 group (Table 3) . The skeletal muscle is functionally related to bone and the increased contraction of 397 skeletal muscle affects the structure and biology of bone by increasing muscular vascularity, muscle 398 mass and protein metabolism, and/or hormones/cytokines secreted by skeletal muscle during 399 exercise [27, 28] . The importance of rehabilitation for muscle tissue and skeletal function after 400 orthognathic surgery with systematic exercise regimen has been emphasized [29] . These observations 401 therefore suggest the need for close approximation of the proximal and distal segments by selective 402 grinding at the time of surgery and for Post active mandibular functional rehabilitation by systemic 403 exercise to precipitate a smoother ramal surface.
404
Newly-formed structures were observed on the medial side of the posterior border in various shapes 405 ( Fig 5) . These new bone formations may be related to the endosteal callus and the medial pterygoid 406 muscle, since they were located just next to the osteotomy line and were in intimate contact with the 407 medial pterygoid muscle on CT images (Fig 5C, F, I, and L) . The proximal/distal segments are known 408 to have endosteal callus after IVRO [1, 7] , as well as the surgically detached and physiologically 409 reattached medial pterygoid muscle [30] .
410
Furthermore, these new structures were statistically associated with the angular remodeling pattern.
411
We admit that the presence and shape of new structures may indicate the active rehabilitation of 412 masticatory muscles, which in turn influences the extent or nature of remodeling in the angular region.
413
These structures seem to be related to the physiological healing pattern of IVRO as well as to our 414 treatment regimen. Also, we assume that the active masticatory muscle rehabilitation after IVRO helps 415 the smooth-surfaced bony remodeling at the ramal overlap.
416
Our results are critically dependent on the accuracy of model superimposition. Generally the 417 superimposition for 3D model comparison can be performed by rigid or non-rigid registration [31, 32] .
418
To perform a direct 3D model comparison for Imm/Post ramus, we adopted a rigid surface-based 419 registration method which utilizes the iterative closest point algorithm after the point-based preliminary 420 registration. Our good error level and the matching of marrow/cortex indicated the strength of this 421 superimposition method. However, the loss of positional information for the segments using this method 422 inhibited the positional change-related remodeling analysis, though it could be compensated by the 423 introduction of the overlap pattern.
424
Here we performed a direct 3D model comparative analysis of mandibular ramus one year after discontinuity, and projection to Post ramus with smooth-surfaced continuity and stability. This regional 427 healing and remodeling was correlated with Imm segmental overlapping pattern and the range of 428 mandibular movement at the middle ramus region. Moreover, the new bony projections with muscular 429 attachments observed at the posterior border were correlated with the angular remodeling pattern.
430
Further evaluation of 3D positional changes of the mandible and their relationship with the remodeling 431 pattern is planned.
